Introduction
============

Numerous studies have confirmed that there is a positive association between tumorigenesis and diabetes. The risk of malignancy in patients with diabetes is \~2 times higher compared with non-diabetic individuals ([@b1-mmr-17-04-5202],[@b2-mmr-17-04-5202]). The incidence of breast cancer has increased rapidly; according to GLOBOCAN 2008 statistics, there were \~1.38 million new cases of breast cancer annually and \~30% of patients succumbed to tumor metastases ([@b3-mmr-17-04-5202]). A US cohort study, after a 20-year follow up, reported that women with type 2 diabetes mellitus (T2DM) had a 17% increased risk of breast cancer compared with non-diabetic individuals ([@b4-mmr-17-04-5202]). The choice of hypoglycemic therapy for patients with T2DM that develop tumors has an important influence on the development of the tumor. This is an important issue that has received increased interest in T2DM research.

Liraglutide, a glucagon-like peptide (GLP)-1 analogue, has been widely employed as a novel antidiabetic drug as it increases insulin secretion and improves glycemic control. Studies have demonstrated that GLP-1 exhibits various extra-pancreatic effects, including the promotion of glycogen synthesis and fat production in the liver, skeletal muscle and adipose tissue, and roles in the activation of the feeding center and cardiovascular protection ([@b5-mmr-17-04-5202]--[@b7-mmr-17-04-5202]). The association between GLP-1 and tumors remains unclear at present. Ligumsky *et al* ([@b8-mmr-17-04-5202]) demonstrated that the selective GLP-1 receptor exists on the surface of MDA-MB-231 breast cancer cells, and a GLP-1 receptor agonist acted on the GLP-1 receptor to inhibit the proliferation and promote the apoptosis of MDA-MB-231 cells. However, it has also been reported that GLP-1 receptor agonists have the potential to increase the risk of pancreatic and thyroid cancer ([@b9-mmr-17-04-5202],[@b10-mmr-17-04-5202]).

MicroRNAs (miRNAs/miRs) exist widely in organisms and are involved in the regulation of numerous physiological and pathological processes. An increasing number of studies have demonstrated that miRNAs may be involved in tumor formation by regulating the expression of tumor-associated genes ([@b11-mmr-17-04-5202]--[@b13-mmr-17-04-5202]). In breast cancer, miRNAs that are closely associated with metastasis are termed 'metastamiRs' ([@b14-mmr-17-04-5202]). These miRNAs regulate the metastasis of breast cancer by modulating the signaling pathways associated with epithelial-mesenchymal transition and tumor metastasis ([@b15-mmr-17-04-5202]). miR-27a is highly expressed in breast cancer, gastric cancer, pancreatic cancer and colon cancer as an oncogenic miRNA ([@b16-mmr-17-04-5202],[@b17-mmr-17-04-5202]). It functions by regulating the apoptosis, cell cycle and differentiation of breast cancer cells ([@b18-mmr-17-04-5202],[@b19-mmr-17-04-5202]).

Our previous study demonstrated that metformin may activate AMP-activated protein kinase (AMPK) in MCF-7 cells and downregulate the expression of miR-27a. AMPK is a key molecule in the regulation of biological energy metabolism ([@b20-mmr-17-04-5202]). AMPK activation strongly inhibits the proliferation of various types of tumor cells and is therefore a promising antitumor target. AMPK consists of two subunits, α1 and α2. In breast cancer tissues and adjacent tissues, the expression of the AMPKα1 subunit is abundant, while the expression of AMPKα2 in breast cancer tissues is significantly lower compared with in adjacent tissues ([@b21-mmr-17-04-5202]). Furthermore, breast epithelial carcinoma exhibits a marked reduction in AMPKα2 expression ([@b22-mmr-17-04-5202]).

The existing literature has reported that liraglutide activates AMPK in muscle, liver and islet β-cells, exerting various biological effects ([@b23-mmr-17-04-5202]--[@b25-mmr-17-04-5202]). However, to the best of the authors\' knowledge, whether liraglutide downregulates the expression of miR-27a and activates AMPKα2 to affect the proliferation and apoptosis of breast cancer cells is not currently clear. Therefore, the present study selected MCF-7 human breast cancer cells and aimed to perform a preliminary investigation of the effects of liraglutide on the proliferation and apoptosis of MCF-7 cells, and investigate the potential underlying mechanism.

Materials and methods
=====================

### Cell culture

MCF-7 cell lines were obtained from the Cell Bank of the Type Culture Collection of Chinese Academy of Sciences (Beijing, China). Cells were cultured in RPMI-1640 medium (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Hyclone; GE Healthcare, Logan, UT, USA), 100 U/ml penicillin and 100 µg/ml streptomycin in humidified air at 37°C with 5% CO~2~. The media was replaced every 1--2 days.

### Cell transfection

Briefly, 20 nM mimic (5′-UUCACAGUGGCUAAGUUCCGC-3′) or inhibitor (5′-GCGGAACUUAGCCACUGUGAA-3′) of miR-27a (Shanghai GenePharma Co., Ltd., Shanghai, China) were transfected into 6-well plates at a cell density of 1×10^6^ cells per well using the transfection reagent Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) to activate or inactivate miR-27a activity, respectively. Negative controls for mimics (5′-UUGUACUACACAAAAGUACUG-3′) and inhibitors (5′-CAGUACUUUUGUGUAGUACAA-3′) were employed. A mock group, which consisted of cells treated with Lipofectamine 2000 only, was also included. At 6 h after transfection, the transfection solution was replaced with RPMI-1640 medium supplemented with 10% FBS, 100 U/ml penicillin and 100 µg/ml streptomycin. For RNA extraction and protein isolation, cells were treated for 48 h and then harvested. miRNA transfection efficiencies were determined by reverse transcription-quantitative polymerase chain reaction (RT-qPCR).

### Detection of cell proliferation by cell counting Kit (CCK)-8 assay

MCF-7 cells were seeded in 96-well plates at 1,000 cells per well in 100 µl cell culture medium and incubated at 37°C for 24 h. All cells were divided into the following groups: Blank wells containing medium only, untreated control cells and test cells treated with different concentrations of liraglutide (10, 100, 1,000 or 10,000 nM). Cells were either treated with 10, 100, 1,000 and 10,000 nM liraglutide for 24 h or 1,000 nM liraglutide for 24, 48 and 72 h in an 5% CO~2~, humidified atmosphere at 37°C. Each group was established three holes. Following treatment with liraglutide or transfection with miR-27a mimics/inhibitors, 10 µl CCK-8 solution (Dojindo Molecular Technologies, Inc., Kumamoto, Japan) was added into each well and incubated for 2 h in an 5% CO~2~, humidified atmosphere at 37°C, and the absorbance was detected at 450 nm. The CCK-8 assay was performed three times.

### Colony formation assay

Cells were seeded into 6-well plates (500 cells/well) and incubated at 37°C in an environment with 5% CO~2~ for 2 days. Subsequently, cells were treated with 1,000 nM liraglutide for 48 h. The medium was refreshed with medium containing 10% FBS once every three days, and the colony formation was observed after 14 days. The number of colonies of more than 50 cells was counted using the inverted fluorescent microscope (IX51-A12PH; Olympus Corporation, Tokyo, Japan). Image magnification, ×10. To identify colonies, 0.1% crystal violet staining was used for 20 min at 37°C (Beyotime Institute of Biotechnology, Haimen, China) and representative photographs were captured. Each experiment was performed in triplicate.

### Cell apoptosis detection by flow cytometry

Cells were digested with 0.25% trypsin for 2 min and a single-cell suspension was prepared. Cells were subsequently seeded into 12-well plates (5×10^4^ cells/well) and incubated at 37°C in an environment with 5% CO~2~ overnight. Following treatment with 1,000 nM liraglutide 48 h or transfection with miR-27a mimic/inhibitor 24 h, the medium was transferred to a centrifuge tube (containing apoptotic or necrotic cells). PBS was used to wash the adherent cells, followed by digestion with 0.25% trypsin to prepare a single-cell suspension. Subsequently, the suspension was transferred to a centrifuge tube and centrifuged at 800 × g for 5 min at 4°C. Subsequently, cell suspension (100 µl) was transferred to a 1.5 ml Eppendorf tube, and 5 µl annexin V and 5 µl propidium iodide was added, according to the protocol of FITC Annexin V Apoptosis Detection kit I (BD Biosciences, Franklin Lakes, NJ, USA). After 15 min incubation at room temperature in the dark, flow cytometry was performed to analyze the changes in cell apoptosis using FACS Aria I (BD Biosciences, Franklin Lakes, NJ, USA).

### AMPK small interfering (si)RNA transfection

AMPKα2 siRNA (5′-GAGAAGCAGAAGCACGACGTT-3′) and scrambled control (5′-UUCUCCGAACGUGUCACGUTT-3′) were purchased from Cell Signaling Technology, Inc., (Danvers, MA, USA). Cells were incubated at 37°C and 5% CO~2~ until they reached a confluency of 70%. Subsequently, all transient transfections were performed with 100 nM AMPKα2 siRNA or scrambled control using Lipofectamine 2000, according to the manufacturer\'s protocol. After 6 h, the transfection mixtures were replaced with RPMI-1640 with 10% FBS. Cells were harvested at 48 h post-transfection.

### RT-qPCR

Following treatment with 0, 10, 100 and 1,000 nM liraglutide for 48 h or transfection with miR-27a mimics/inhibitors, total miRNA from MCF-7 cells was extracted with an PureLink^™^ miRNA Isolation kit (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer\'s protocol. The expression of miR-27a was measured using a mirVana^™^ qRT-PCR miRNA Detection kit (Invitrogen; Thermo Fisher Scientific, Inc.). The stemloop-RT primer of miR-27a is 5′-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGTGGA-3′. The thermocycling parameters of reverse transcriptase are 25°C for 10 min, 42°C for 1 h and 85°C for 5 min. U6 small nuclear RNA was used for the normalization of relative abundance of miR-27a. The primer of miR-27a is 5′-TTCACAGTGGCTAAGTTCCGC-3′ and universal primer R is 5′-CCAGTGCAGGGTCCGAGGT-3′. The primer of U6 is 5′-GCTTCGGCAGCACATATACTAAAAT-3′ and 5′-ACGCTTCACGAATTTGCGTGTC-3′. A total of 100 ng cDNA product amplified in the reverse transcription step above was added to a 20 µl reaction volume using the following amplification program: 95°C for 5 min, followed by 40 amplification cycles of denaturation at 95°C for 10 sec, annealing at 62°C for 20 sec, and elongation at 72°C for 10 sec. For AMPKα2 mRNA expression analysis, which was performed following treatment with 0, 10, 100 and 1,000 nM liraglutide for 48 h, transfection with miR-27a mimics/inhibitors or transfection with or without miR-27a mimics followed by treatment with 1,000 nM liraglutide for 48 h. Total RNA was extracted using TRIzol^™^ LS Reagent (Invitrogen; Thermo Fisher Scientific, Inc.), and the reverse-transcription reactions were performed using a TransScript First-Strand cDNA Synthesis SuperMix (Transgene Bio, Inc., Peking, China). The thermocycling parameters of reverse transcriptase are 25°C for 10 min, 42°C for 1 h and 85°C for 5 min. qPCR amplification was performed using SYBR Premix Ex Taq (Takara Biotechnology Co., Ltd., Dalian, China). A total of 100 ng of the cDNA product amplified in the reverse transcription step above was added to a 20 µl reaction volume using the following thermocycling parameters: 95°C for 5 min, followed by 40 amplification cycles of denaturation at 95°C for 10 sec, annealing at 58°C for 20 sec, and elongation at 72°C for 10 sec. The primers of AMPKα2 are forwards, 5′-GCCAAGAAGCAAATGAGAATG-3′, and reverse, 5′-GACACAACGCAAACTCCTGA-3′. The primers of GAPDH are forwards, 5′-ACCACAGTCCATGCCATCAC-3′, and reverse, 5′-TCCACCACCCTGTTGCTGTA-3′. The expression levels of the target genes were normalized to GAPDH. Standard PCR samples were analyzed with a Bio-Rad iQ^™^ 5 thermal cycler (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Melting curves were generated for each RT-qPCR to verify the specific amplification products and primer dimers of each PCR reaction. All qPCR reactions were performed in triplicate. miR-27a and AMPKα2 expression levels were normalized using the comparative Cq method ([@b26-mmr-17-04-5202]), and relative fold changes were calculated by the 2^−ΔΔCq^ equation.

### Western blot analysis

Following treatment with 0, 10, 100 and 1,000 nM liraglutide for 48 h, transfection with miR-27a mimics/inhibitors, transfection with or without miR-27a mimics followed by treatment with 1,000 nM liraglutide for 48 h, or transfection with AMPKα2 siRNA followed by treatment with 1,000 nM liraglutide for 48 h, cells were lysed with Radioimmunoprecipitation assay Lysis and Extraction Buffer (Thermo Fisher Scientific, Inc.). The cytosolic extracts were prepared by centrifuging the lysates twice at 10,800 × g for 10 min at 4°C. The protein concentration in each lysate was measured by a bicinchoninic acid assay. Equal amounts of protein (10 µl, 500 ng/ml) were separated by 10% SDS-PAGE minigels. Following electrophoresis, proteins were transferred onto a nitrocellulose membrane and blocked with 5% bovine serum albumin (Sigma-Aldrich; Merck KGaA) in 0.1% TBS-Tween (TBST) at room temperature for 2 h. Subsequently, the membranes were incubated with a rabbit anti-AMPKα2 monoclonal antibody (1:1,000; cat. no. 2757; Cell Signaling Technology, Inc.), a rabbit anti-proliferating cell nuclear antigen (PCNA) polyclonal antibody (1:1,000; cat. no. 13110; Cell Signaling Technology, Inc.), a rabbit anti-cleaved-caspase-3 polyclonal antibody (1:1,000; cat. no. 9664; Cell Signaling Technology, Inc.), or GAPDH antibody (1:2,000; cat. no. 10494-1-AP; Protein Tech Group, Inc., Chicago, USA) overnight at 4°C. After thorough rinsing with TBST, membranes were incubated with the second antibody goat anti-rabbit immunoglobulin G (H+L)-horseradish peroxidase (1:10,000; LK2001; Sungene Biotech, Co., Ltd., Tianjin, China) for 1 h. After rinsing, chemiluminescent detection was performed using a Pierce^™^ ECL Western Blotting Substrate (Invitrogen; Thermo Fisher Scientific, Inc.), followed by exposing and developing X-ray film. Western blotting results were analyzed using an Image Lab 4.0 software system (Bio-Rad Laboratories, Inc.). Western blotting was performed at least three times.

### Statistical analysis

Each experiment included at least three replicates. Data are presented as the mean ± standard deviation. A one-way analysis of variance was used followed by Tukey\'s or Dunnett\'s post-hoc test to analyze the differences between multiplegroups. Statistical analyses were performed using SPSS 21.0 software (IBM Corp., Armonk, NY, USA). P\<0.05 was considered to indicate a statistically significant difference. Graphs were produced using GraphPad Prism v5.0 software (GraphPad Software, Inc., La Jolla, CA, USA).

Results
=======

### Liraglutide inhibits the proliferation and promotes the apoptosis of MCF-7 breast cancer cells

In order to investigate the effect of liraglutide on the proliferation of MCF-7 human breast cancer cells, cells were treated with 10, 100, 1,000 and 10,000 nM liraglutide for 48 h and a CCK-8 assay was performed to detect the optical density at 450 nm. Optical density was decreased in cells treated with liraglutide in a dose-dependent manner compared with the control group ([Fig. 1A and B](#f1-mmr-17-04-5202){ref-type="fig"}). The cell survival rate values were calculated and were 90.13, 62.80, 41.44 and 11.05%, respectively, in 10, 100, 1,000 and 10,000 nM treatment groups ([Fig. 1B](#f1-mmr-17-04-5202){ref-type="fig"}). These results indicated that liraglutide exhibited a marked inhibitory effect on the proliferation of MCF-7 cells in a dose-dependent manner. Further CCK-8 assays were performed to investigate whether liraglutide inhibits the proliferation of MCF-7 cells in a time-dependent manner. The results demonstrated that there was no significant difference in the proliferation between the control and liraglutide groups at 24 h, but significant differences were observed between control and liraglutide groups at 48 and 72 h time-points ([Fig. 1C](#f1-mmr-17-04-5202){ref-type="fig"}). The calculated cell survival rates were 86.88, 54.69 and 43.41% for liraglutide-treated cells at 24, 48 and 72 h ([Fig. 1D](#f1-mmr-17-04-5202){ref-type="fig"}). There was no significant difference between the control and liraglutide groups at 24 h; however, compared with the control group, the cell survival rates following liraglutide treatment were significantly decreased at 48 and 72 h time-points ([Fig. 1D](#f1-mmr-17-04-5202){ref-type="fig"}). These results indicated that liraglutide exhibited a marked inhibitory effect on the proliferation of MCF-7 cells in a time-dependent manner.

The cell colony formation assay is another laboratory technique used to determine alterations in cell proliferation. Following treatment of cells with 1,000 nM liraglutide for 48 h, colony formation assay results demonstrated that significantly fewer colonies were formed compared with the control group (69.37 vs. 100% in liraglutide and control groups, respectively; P\<0.05; [Fig. 1E and F](#f1-mmr-17-04-5202){ref-type="fig"}). These results further confirmed that liraglutide exhibits a marked inhibitory effect on the proliferation of MCF-7 cells.

The effects of liraglutide on the apoptosis of MCF-7 cells were assessed by flow cytometry. The results demonstrated that treatment with 1,000 nM liraglutide for 48 h led to an increase in the percentage of apoptotic cells, compared with the control group. The percentages of early apoptotic and late apoptotic cells in the liraglutide treatment group were 1.26±0.18 and 6.06±0.32%, respectively, and the early apoptosis and late apoptosis percentages in the control group were 0.81±0.13 and 4.27±0.26%, respectively. The difference in the percentage of late apoptotic cells between the control and liraglutide treatment groups was statistically significant (P\<0.05; [Fig. 1G and H](#f1-mmr-17-04-5202){ref-type="fig"}), while the difference in the percentage of early apoptotic cells was not significant ([Fig. 1G and H](#f1-mmr-17-04-5202){ref-type="fig"}). These results demonstrated that liraglutide may promote the apoptosis of MCF-7 cells.

### Liraglutide inhibits miR-27a expression and upregulates AMPKα2

The results of RT-qPCR analysis demonstrated that treatment with 100 and 1,000 nM liraglutide significantly inhibited the expression of miR-27a and significantly increased the mRNA expression of AMPKα2, compared with untreated control cells (P\<0.05; [Fig. 2A and B](#f2-mmr-17-04-5202){ref-type="fig"}). The expression levels of miR-27a were reduced by 15.5, 44.5 and 61.8%, respectively, in the 10, 100 and 1,000 nM treatment groups, compared with the control group ([Fig. 2A](#f2-mmr-17-04-5202){ref-type="fig"}). Compared with the control group, the mRNA expression of AMPKα2 was increased by 1.61, 6.63 and 9.25 times in 10, 100 and 1,000 nM treatment groups, respectively ([Fig. 2B](#f2-mmr-17-04-5202){ref-type="fig"}). In addition, liraglutide treatment (100 and 1,000 nM) significantly increased the expression of AMPKα2 at the protein level, compared with the control group, as determined by western blotting (P\<0.05; [Fig. 2C](#f2-mmr-17-04-5202){ref-type="fig"}). The protein expression of AMPKα2 was 1.5, 4.0 and 6.8 times higher in the 10, 100 and 1,000 nM treatment groups, respectively, compared with the control group ([Fig. 2C](#f2-mmr-17-04-5202){ref-type="fig"}). These results indicated that miR-27a may promote the proliferation, and inhibit the apoptosis, of MCF-7 human breast cancer cells, and liraglutide may mediate its effects by downregulating miR-27a expression. Therefore, miR-27a may be a potential target for the prevention and treatment of breast cancer. Subsequently, experiments were performed using miR-27a mimics/inhibitors to investigate whether liraglutide may inhibit the proliferation and promote the apoptosis of MCF-7 cells by targeting miR-27a and influencing expression of AMPKα2, which has previously been validated as a target gene of miR-27a ([@b27-mmr-17-04-5202]).

The present study confirmed that miR-27a exhibits a regulatory effect on the expression of AMPKα2. miR-27a mimics and inhibitors were transfected into MCF-7 cells. RT-qPCR results confirmed that transfection with miR-27a mimics was successful ([Fig. 2D](#f2-mmr-17-04-5202){ref-type="fig"}), and the results also demonstrated that overexpression of miR-27a led to downregulation of AMPKα2 mRNA expression by 57.77%, compared with the NC group (P\<0.05; [Fig. 2E](#f2-mmr-17-04-5202){ref-type="fig"}). In addition, following transfection with miR-27a mimics, AMPKα2 protein expression was also downregulated by 52.55%, compared with the NC group (P\<0.05; [Fig. 2F](#f2-mmr-17-04-5202){ref-type="fig"}). Successful transfection of miR-27a inhibitors was confirmed by RT-qPCR ([Fig. 2G](#f2-mmr-17-04-5202){ref-type="fig"}). Furthermore, following transfection with miR-27a inhibitors, AMPKα2 mRNA expression was increased \~2.61 times (P\<0.05; [Fig. 2H](#f2-mmr-17-04-5202){ref-type="fig"}) and AMPKα2 protein expression was increased \~2.27 times (P\<0.05; [Fig. 2I](#f2-mmr-17-04-5202){ref-type="fig"}) compared with the NC group. These results indicated that miR-27a may negatively regulate AMPKα2.

### miR-27a promotes the proliferation of MCF-7 human breast cancer cells and inhibits apoptosis

It was previously reported that miR-27a, as a carcinogenic miRNA, regulates key target genes to control the cell cycle check point to affect the growth of breast cancer cells ([@b16-mmr-17-04-5202]). In order to investigate the role of miR-27a in the proliferation and apoptosis of MCF-7 cells, MCF-7 cells were transfected with miR-27a mimics and inhibitors. Following transfection with miR-27a mimics, the proliferation and cell survival rate was increased significantly compared with the negative control group (P\<0.05; [Fig. 3A and B](#f3-mmr-17-04-5202){ref-type="fig"}). Furthermore, flow cytometry demonstrated that, compared with the negative control group, the percentage of late apoptotic cells was significantly reduced in the cells transfected with miR-27a mimics (2.16±0.41 vs. 5.71±0.23% in miR-27a mimics and negative control groups, respectively; P\<0.05; [Fig. 3C and D](#f3-mmr-17-04-5202){ref-type="fig"}). Correspondingly, in cells transfected with miR-27a inhibitor, the proliferation and cell survival were significantly lower compared with the negative control group (P\<0.05; [Fig. 3E and F](#f3-mmr-17-04-5202){ref-type="fig"}), and the late apoptosis percentage was increased significantly compared with the negative control group (6.91±0.27 vs. 4.71±0.23% in miR-27a inhibitor and negative control groups, respectively; P\<0.05; [Fig. 3G and H](#f3-mmr-17-04-5202){ref-type="fig"}). There was no statistical difference between the NC group and the mock group. These results indicated that miR-27a promoted the proliferation and inhibited the apoptosis of MCF-7 cells.

PCNA is only expressed in normal proliferating cells and tumor cells. It has an important role in the initiation of cell proliferation and is a good indicator of the cell proliferation. In a pre-test, no significant differences were observed between negative control mimics and negative control inhibitor groups and the mock group (data not shown). Therefore, although separate mimics and inhibitor negative controls were used for all aforementioned transfection results, negative control mimics were selected as a common control for the western blotting results presented in [Fig. 3I and J](#f3-mmr-17-04-5202){ref-type="fig"}. Previous studies have also included the use of a common control for mimics and inhibitor experiments ([@b28-mmr-17-04-5202],[@b29-mmr-17-04-5202]).

Western blotting demonstrated that the expression of PCNA was increased in cells transfected with miR-27a mimics, and was increased by \~2 times compared with the NC group (P\<0.05; [Fig. 3I](#f3-mmr-17-04-5202){ref-type="fig"}). Furthermore, PCNA expression was reduced in the group transfected with miR-27a inhibitors, with an expression of \~43.22% of the NC group (P\<0.05; [Fig. 3I](#f3-mmr-17-04-5202){ref-type="fig"}). These results further demonstrated that miR-27a may inhibit the proliferation of MCF-7 human breast cancer cells.

Caspase-3 is a key apoptotic factor in the caspase family. Western blotting demonstrated that the expression of cleaved-caspase-3 was decreased in cells transfected with miR-27a mimics, with an expression of \~28.56% of the NC group (P\<0.05; [Fig. 3J](#f3-mmr-17-04-5202){ref-type="fig"}). Correspondingly, following transfection with miR-27a inhibitor, the cleaved-caspase-3 expression was \~2.1 times higher compared with the NC group (P\<0.05; [Fig. 3J](#f3-mmr-17-04-5202){ref-type="fig"}). These results further indicated that miR-27a may promote the apoptosis of MCF-7 cells.

### Upregulation of miR-27a reverses the activation effects of liraglutide on AMPKα2

The previously discussed results indicated that the promotion of apoptosis by liraglutide may be associated with the activation of the AMPKα2 pathway, and miR-27a negatively regulates AMPKα2. Therefore, we hypothesized that the effect of liraglutide on apoptosis may be mediated via reduced miR-27a expression and activation of the AMPKα2 pathway.

The present study further investigated the effect of liraglutide in MCF-7 cells following transfection with miR-27a mimics. The results demonstrated that AMPKα2 expression was increased by liraglutide in MCF-7 cells, compared with the control group, while its expression in the liraglutide + miR-27a mimics group was decreased compared with the liraglutide + negative control mimics group ([Fig. 4A and B](#f4-mmr-17-04-5202){ref-type="fig"}). These results indicated that the overexpression of miR-27a potentially impaired the effect of liraglutide on apoptosis in MCF-7 cells.

### AMPKα2 knockdown reduces the inhibitory effect of liraglutide on MCF-7 cells

To determine whether AMPK is responsible for the inhibition of proliferation induced by liraglutide, MCF-7 cells were transfected with AMPKα2 siRNA. As demonstrated in [Fig. 4C](#f4-mmr-17-04-5202){ref-type="fig"}, cells exhibited a marked decrease in AMPKα2 protein expression, compared with the control siRNA group. With or without liraglutide treatment, knockdown of AMPKα2 increased the protein expression of PCNA, compared with cells transfected with control siRNA, indicating that proliferation was increased following AMPKα2 knockdown ([Fig. 4D](#f4-mmr-17-04-5202){ref-type="fig"}). These results indicate that AMPK activation may be essential for the inhibitory effect of liraglutide on the proliferation of MCF-7 cells. These results demonstrated that liraglutide-induced inhibition of proliferation may be associated with the AMPK pathway. Taken together, the results of the current study indicate that liraglutide, potentially through the miR-27a/AMPKα2 pathway, may promote apoptosis in MCF-7 cells ([Fig. 4E](#f4-mmr-17-04-5202){ref-type="fig"}).

Discussion
==========

Breast cancer is among the most common types of malignant tumors that affect women, according to statistics from developed countries in North America and Europe ([@b30-mmr-17-04-5202]). Several studies have reported that breast cancer incidence and mortality risk are closely associated with metabolic disease ([@b31-mmr-17-04-5202]--[@b33-mmr-17-04-5202]). The present study reported that liraglutide, which is widely employed for hypoglycemic treatment, also exhibited an inhibitory effect on the proliferation of MCF-7 cells and promoted apoptosis. These effects may be associated with the inhibition of miR-27a expression by liraglutide, and miR-27a negatively regulates AMPKα2 expression.

GLP-1 exerts its function primarily through binding to its receptor. GLP-1 receptors are not exclusive to the pancreas, and are also present in the gastrointestinal tract, brain, heart, aorta, kidney, lung, peripheral nervous system and other tissues and organs ([@b34-mmr-17-04-5202]). In addition to a role in regulating blood glucose, GLP-1 also exhibits numerous extra-hypoglycemic effects. Liraglutide, a GLP-1 analogue, has 97% homology with GLP-1 in the human body and regulates blood glucose through various mechanisms. It has been reported that sustained GLP-1 receptor activation may increase the incidence of colorectal cancer in patients with T2DM that exhibit hyperinsulinemia ([@b35-mmr-17-04-5202]). However, a meta-analysis demonstrated that the use of liraglutide did not increase the incidence of acute pancreatitis and pancreatic cancer in patients with T2DM ([@b36-mmr-17-04-5202]). Ligumsky *et al* ([@b8-mmr-17-04-5202]) reported that exenatide, a GLP-1 receptor agonist, led to sustained activation of the GLP-1 receptor, which subsequently led to the inhibition of proliferation and promotion of apoptosis in MDA-MB-231 cells through the cyclic AMP pathway.

MCF-7 is the most commonly employed breast cancer cell line in research, and is estrogen receptor positive with a high proliferation rate. The results of the current study demonstrated that liraglutide effectively inhibited the proliferation of MCF-7 cells in a concentration- and time-dependent manner. Furthermore, colony formation assay and flow cytometry results also confirmed that liraglutide inhibited the proliferation of MCF-7 cells and promoted cell apoptosis.

AMPK is an important kinase that regulates energy homeostasis and also a key protein involved in various cellular signaling pathways, including those involved in the regulation of the cell cycle and apoptosis. A recent study reported that liraglutide activated AMPK in the muscle cells of mice, thereby regulating muscle cell translocation of glucose transporter 4 ([@b37-mmr-17-04-5202]). Furthermore, Miao *et al* ([@b24-mmr-17-04-5202]) demonstrated that liraglutide promoted the proliferation of insulin-producing β cells through the AMPK/mechanistic target of rapamycin kinase (mTOR) signaling pathway, while Ben-Shlomo *et al* ([@b38-mmr-17-04-5202]) reported that liraglutide inhibited the formation of fatty liver via the AMPK pathway. The present study also indicated that liraglutide activates AMPK. Therefore, liraglutide-induced inhibition of proliferation and apoptosis promotion in MCF-7 cells may be associated with the activation of AMPK.

miRNAs exhibit their biological roles through specific recognition of the 3′untranslated regions within target genes and through complementary base-pairing to inhibit target gene expression. miR-27, which includes miR-27a and miR-27b, has important biological functions. As an oncogenic miRNA, it has been reported to be highly expressed in breast, gastric, pancreatic and colon cancer. It has been reported that miR-27a regulates cell growth and differentiation, and is implicated in drug resistance, dose-dependently. Furthermore, miR-27a may promote the metastasis of cancer cells through induction of epithelial-mesenchymal transition. miR-27a was also reported to be involved in cell apoptosis, cell cycle checkpoints and metabolism ([@b39-mmr-17-04-5202]). The results of the present study also confirmed that miR-27a exhibited an important role in inhibiting proliferation and promoting apoptosis in MCF-7 cells. Therefore, miR-27a may be employed as an effective target for the prevention and treatment of breast cancer. However, miR-27a inhibitor is not yet suitable for clinical application. The present study employed liraglutide, which is widely used in the clinic, to interfere with MCF-7 human breast cancer cells, and the results demonstrated that liraglutide inhibited miR-27a expression, which may provide a novel treatment option for the prevention and control of breast cancer by targeting miR-27a.

Our previous study verified that AMPKα2 was a target gene of miR-27a. AMPKα2 is one of the catalytic subunits of AMPK and its expression in MCF-7 human breast cancer cells is suppressed, as it functions as a tumor suppressor ([@b27-mmr-17-04-5202]). Fox *et al* ([@b21-mmr-17-04-5202]) investigated AMPKα2 expression among tumor samples, non-tumorous adjacent (ADJ) breast epithelial tissue and normal epithelial tissue samples, and the results demonstrated that AMPKα2 protein expression was reduced by 27% in tumor samples compared with the patient-matched ADJ samples and by 37% compared with normal epithelial tissue samples. Further experiments indicated that AMPKα2 arrested the cell cycle through cyclin D1 and reduced protein biosynthesis through the mTOR pathway. Furthermore, the same study reported that AMPKα2 may act directly on P53, resulting in MCF-7 cell apoptosis. The results of the present study demonstrated that liraglutide inhibited the proliferation and promoted the apoptosis of MCF-7 cells, which may occur via inhibition of miR-27a expression and subsequent upregulation of the miR-27a target gene, AMPKα2.

In conclusion, the present study demonstrated that the hypoglycemic drug liraglutide inhibited the proliferation and promoted the apoptosis of MCF-7 cells, exhibiting potential anti-breast cancer effects. In addition, the results demonstrated that liraglutide may function as an miR-27a inhibitor, thereby potentially providing a novel method for the clinical prevention and treatment of breast cancer. It has been previously reported that certain antidiabetic drugs, including insulin and sulfonylureas antidiabetic drugs, may affect the levels of insulin, inflammatory factors and insulin-like growth factor-1, thus increasing tumor risk in patients with T2DM ([@b40-mmr-17-04-5202],[@b41-mmr-17-04-5202]). The current study may provide a basis for the selection of hypoglycemic agents in patients with T2DM, particularly in patients with breast cancer. However, various issues are associated with the present study. For example, the results demonstrated that 100 nM liraglutide inhibited miR-27a expression in MCF-7 cells, while 10 nM liraglutide did not lead to a statistically significant decline. In addition, further investigation is required to determine whether 100 nM liraglutide may lead to any side effects prior to clinical application. In conclusion, the current study may provide a novel direction for investigating the roles of GLP-1 besides its glucose-lowering effects.
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![Liraglutide inhibits the proliferation and promotes apoptosis in the MCF-7 breast cancer cell line. (A) CCK-8 assay results demonstrated that with increasing liraglutide concentration, the mean OD values were reduced. (B) Cell survival rates in each group were calculated following CCK-8 assays. (C) When 1,000 nM liraglutide was employed for 48 and 72 h, cell proliferation was markedly inhibited. (D) Cell survival rates in each group were calculated following CCK-8 assays. (E) Representative images of cell colony formation assays. (F) Quantification of cell colony formation assay results confirmed that the colony formation capacity decreased significantly following treatment with 1,000 nM liraglutide. (G) Representative flow cytometry plots in control cells or cells treated with 1,000 nM liraglutide. LR quadrant represents early apoptotic cells, and UR quadrant represents late apoptotic cells. (H) Quantified flow cytometry results demonstrated that the percentage of late apoptotic cells in the liraglutide treatment group increased significantly compared with the control group. Data are presented as the mean ± standard deviation. For parts A and B, \*P\<0.05 vs. 0 nM liraglutide group; for parts C, D, F and H, \*P\<0.05, as indicated by brackets. CCK-8, Cell Counting Kit-8; OD, optical density.](MMR-17-04-5202-g00){#f1-mmr-17-04-5202}

![Liraglutide inhibits miR-27a expression and subsequently upregulates AMPKα2. Following treatment with 10, 100 and 1,000 nM liraglutide for 48 h, RT-qPCR was performed to determine the mRNA levels of (A) miR-27a and (B) AMPKα2. (C) Western blotting was performed to measure the protein levels of AMPKα2. (D) RT-qPCR confirmed that transfection with miR-27a mimics led to the successful overexpression of miR-27a in MCF-7 cells. (E) RT-qPCR demonstrated that the mRNA levels of AMPKα2 were downregulated following transfection with miR-27a mimics. (F) Western blotting demonstrated that AMPKα2 protein expression was downregulated following transfection with miR-27a mimics. (G) RT-qPCR confirmed that transfection with miR-27a inhibitors led to the successful reduction of miR-27 levels in MCF-7 cells. (H) RT-qPCR demonstrated that AMPKα2 mRNA expression was increased following transfection with miR-27a inhibitors. (I) Western blotting demonstrated that AMPKα2 protein expression was increased following transfection with miR-27a inhibitors. Data are presented as the mean ± standard deviation. For parts A-C, \*P\<0.05 vs. 0 nM liraglutide; for parts D-I, \*P\<0.05 vs. NC group. miR, microRNA; AMPKα2, AMP-activated protein kinase catalytic subunit α2; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; NC, negative control; U6, U6 small nuclear RNA.](MMR-17-04-5202-g01){#f2-mmr-17-04-5202}

![miR-27a overexpression promotes the proliferation and inhibits the apoptosis of MCF-7 human breast cancer cells. (A) CCK-8 assays demonstrated that cells transfected with miR-27a mimics exhibited enhanced proliferation. (B) Cell survival rates were calculated following CCK-8 assays. (C) Representative flow cytometry plots following transfection of MCF-7 cells with NC mimics or miR-27a mimics. The UR quadrant was considered to indicate late apoptotic cells and the LR quadrant was considered to indicate early apoptotic cells (D) Quantified flow cytometry results demonstrated that the percentage of late apoptotic cells was significantly reduced following transfection of cells with miR-27a mimics. (E) CCK-8 assays demonstrated that cells transfected with miR-27a inhibitors exhibited reduced proliferation. (F) Cell survival rates were calculated following CCK-8 assays. (G) Representative flow cytometry plots following transfection of MCF-7 cells with NC inhibitors or miR-27a inhibitors. The UR quadrant was considered to indicate late apoptotic cells and the LR quadrant was considered to indicate early apoptotic cells. (H) Quantified flow cytometry results demonstrated that the percentage of late apoptotic cells was significantly increased following transfection of cells with miR-27a inhibitors. (I) Western blotting demonstrated that transfection with miR-27a mimics led to a significant increase in the protein expression of PCNA, while miR-27a inhibitors significantly reduced PCNA protein expression. (J) Western blotting demonstrated that transfection with miR-27a mimics significantly reduced cleaved-caspase-3 expression, while miR-27a inhibitors significantly increased cleaved-caspase-3 protein levels. Data are presented as the mean ± standard deviation. \*P\<0.05 vs. NC group. miR, microRNA; CCK-8, Cell Counting Kit-8; NC, negative control; PCNA, proliferating cell nuclear antigen; OD, optical density; UR, upper right; LR, lower right.](MMR-17-04-5202-g02){#f3-mmr-17-04-5202}

![Upregulation of miR-27a reverses the liraglutide-induced activation of AMPKα2 and AMPKα2 siRNA inhibits liraglutide-induced inhibition of proliferation in MCF-7 cells. (A) AMPKα2 mRNA levels were measured by reverse transcription-quantitative polymerase chain reaction in MCF-7 cells transfected with or without miR-27a mimics and subsequently treated with liraglutide for 48 h. (B) AMPKα2 protein levels were measured by western blotting in MCF-7 cells transfected with or without miR-27a mimics and subsequently treated with liraglutide for 48 h. (C) MCF-7 cells were transfected with control siRNA or AMPKα2 siRNA for 48 h and western blotting was performed to measure AMPKα2 levels and confirm successful transfection. (D) MCF-7 cells were transfected with AMPKα2 siRNA and cultured with or without 1,000 nM liraglutide for 48 h. The expression of PCNA was determined by western blot analysis. GAPDH served as the loading control. (E) Summary diagram of the regulatory pathway in the present study. In breast cancer cells, liraglutide inhibits miR-27a expression and subsequently activates the AMPK pathway, thereby leading to the induction of cell apoptosis. Data are presented as the mean ± standard deviation. \*P\<0.05, as indicated by brackets. miR, microRNA; AMPKα2, AMP-activated protein kinase catalytic subunit α2; siRNA, small interfering RNA; PCNA, proliferating cell nuclear antigen; NC, negative control; Lira, liraglutide.](MMR-17-04-5202-g03){#f4-mmr-17-04-5202}
